Abstact: We have studied the optical properties of barrier modulated InGaAsIGaAs quantum wires with widths down to about 20 nm. Here the lateral confinement is introduced via the change of the band discontinuity due to the modulation of the upper barrier of a quantum well structure. For wire widths below 50 nm the emission spectra shift systematically to higher energy which is associated to the lateral confinement. Using the geometrical wire widths measured by scanning electron microscopy the width dependence of the emission can be calculated in good agreement with the experimental data. In photoluminescence excitation experiments up to three transitions which arise from lateral confined states can be observed. For the smallest wires we observe a broadening of the emission spectra which can be explained in terms of size fluctuation. The barrier modulated wires show a strong linear polarization of the emission parallel to the wire axis up to about 25 % for 20 nm wide wires.
INTRODUCTION
Quasi-one-dimensional and zero-dimensional structures are of great interest both for studying the basic physical properties and for possible device applications. For such systems different new phenomena have been predicted depending strongly on the lateral size of these structures. To realize quantum wires and quantum dots several approaches have been used and met with different degrees of success. [I- 41 In this paper we have used the barrier modulation technique for the fabrication of effectively buried wires. Using a selective etchant the upper barrier of an InGaAslGaAs quantum well structure is modulated. Due to the change of the energy band discontinuity a lateral potential is introduced leading to a confinement of the carriers below the remaining GaAs stripes.
[5] The wires show high quantum efficiency for all wire widths indicating that nonradiafive recombination of carriers in the wires plays no significant role. Decreasing the wire width below 50 nm the transition energy shifts significantly to higher values and we observe in photoluminescence excitation spectra additional structures associated with higher lateral subbands. All transitions can be described by a simple model using the geometrical wire width. In addition we observe a strong polarization of the wire emission parallel to the wire axis.
CONCEPT AND TECHNOLOGY OF BARRIER MODULATED WXRES
In the concept of lateral barrier modulation the basic idea is the introduction of a lateral confinement potential within the active layer via the modulation of the upper barrier. Using a selective etchant the material of the upper barrier (GaAs) of an InGaAslGaAs quantum well structure is locally removed whereas the active InGh4s layer remains over the whole plane. Compared to the semiconductor covered quantum well the quantization energy of a surface quantum well is significantly increased due to the replacement of the InGaAslGaAs transition by the InGaAs/Vacuum transition in Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1993524 the etched regions. The corresponding lateral potential for both electrons and holes leads to a confinement of the camers below the remaining GaAs stripes. Due to the selectivity of the etchant the process provides effectively buried wires and the active area is not affected by process induced defects.
The starting material for the wire fabrication are In,Gal~,As/GaAs single quantum wells grown by molecular beam epitaxy on (100) oriented undoped GaAs substrates. Different samples with In contents between 9% and 18% were used. The InGaAs layer which acts as the active layer has a thickness of 5 nm for all samples and is covered by a thin GaAs cap layer (thickness 15 nm -20 nm).
As can be shown by a calculation of the energy levels of the quantum well structures only one electron level as well as one heavy-hole and one light-hole level are bound. Due to the lattice mismatch between GaAs and In,Ga As the light-hole level is shifted far away from the edge of the valence band. As a consequence o h e large splitting between the light-and heavy-hole levels only a negligible intermixing of the valence band states is expected for these structures.
Using high resolution electron beam lithography and A1 lift off, mask patterns with typical dimensions of 100 pm in square were defined. Each pattern consists of an array of parallel wires with constant width. The patterns were transferred to the semiconductor by a single wet etch step with the selective etchant H202 buffered with N q O H . 161 In that way barrier modulated wires with widths from several microns down to about 20 nm were defined. The measurements were performed using an Ar laser with typical excitation power of 1 mW. The emission spectra were energetically dispersed by a 0.25 m grating monochromator. For the detection a multichannel analyzer with S25 characteristic was used. For the photoluminescence excitation experiments a titan-sapphire laser was used as excitation source. The signal was recorded by a photomultiplier.
EXPERIMENTAL RESULTS AND DISCUSSION
In order to study the optical properties of the barrier modulated wires photoluminescence experiments were performed at a temperature of 2 K. All wires show high quantum efficiency even for wire widths smaller than 30 nm. For the smallest wires with geometrical width of about 20 nm the normalized emission intensity is reduced by only a factor of 5 with respect to the unprocessed asgrown 2D reference.
-
In Figure 1 the increase of the emission energy compared to the 2D as-grown reference is plotted as a function of the wire width for barrier modulated wires defined on an Ino.ogGa,,glAs quantum well structure (filled triangle). The wire widths given in Fig. 1 are the geometrical widths as measured by scanning electron microscopy. The position of the emission peak remains almost unchanged for wire widths down to about 50 nm. For wider wires we observe a slight shift of the emission peak to lower energy. This may be attributed to small changes of the strain in the InGaAs layer due to the fabrication process.
For wires with widths below 50 nm a strong shift of the transition energy can be observed with decreasing wire width which amounts to about 7 meV for the 20 nm wide wires. This blue shift is connected with the lateral confinement. The steep increase of the transition energy indicates that a sharp potential has been obtained by the modulation of the upper barrier material leading to onedimensional quantum effects for wires with widths below 50 nm.
We have calculated the electronic states of the wires using the standard material parameters. The Schrcdinger equation was solved separately for the two confinement directions in the effective-mass approximation. We assume a lateral square well potential for both electrons and holes which is determined by the difference between the quantization energy for the GaAs/InGaAs/Vacuum The solide curve in Fig. 1 represents the results of the calculated energy shifts for the lowest lying transition for the barrier modulated Ino,9Ga,,9,As wires. Using the geometrical wire width the calculation yields good agreement with the experimental data without any fitable parameter. The constant difference of about 0.5 rneV can be explained with the slight shift to lower energy observed for the wider wires.
We have made similar experiments for barrier modulated wires on samples with varying In content of the active layer. For an In content of 13% the experimental energetic shifts are shown by the open circles in Fig. 1 for different wire widths. Due to the higher In content the emission peak shifts to lower energy, but the wire widths dependence of the blue shift of the transition energy has the same slope and onset for both samples. This is consistent with model calculations. For both systems the lateral potential which arises from the modulation of the upper barrier is in the range of about 23 meV (electrons and holes). Therefore it is expected that the lowest lying wire states show a nearly identical dependence on the wire width for both samples. This is in good agreement with the experiment indicating that the energetic levels are determined predominantly by the lateral potential whereas strain effects play a minor role.
The Full Width at Half Maximum (FWHM) of the photoluminescence emission remains equal to the value of the reference for wire widths down to about 50 nm. For smaller wires the FWHM increases with decreasing wire width due to the stronger influence of size fluctuations for a reduced lateral size. Although the spectral line width of the two reference samples are different, the additional broadening shows the same dependence on the wire width. We attribute this broadening to fluctuations of the lateral dimension of the wires. Assuming a lateral size fluctuation AL, of + I 0 nm, which is consistent with estimates based on SEM measurements, the calculation of the additional broadening of the emission peak yields good agreement with the experimentally observed data.
Photoluminescence excitation (PLE) experiments have been performed to study the higher lying states of the quantum wires. Figure 2 displays the PLE spectrum for 52 nm wide wires detected at 847 nm. In addition, the photoluminescence intensity (PL) is shown by the dashed line in Fig. 2 . The observed stokes-shift amounts to about 1 rneV indicating the high quality of the barrier modulated wire structure. The most important aspect in Fig. 2 is the appearence of two features in the PLE spectrum which occures at higher energies (arrows at 1.472 eV and 1.480 eV) Studies on samples with different wire width show that the energetic difference between these peaks increases for decreasing wire width. Therefore we attribute these features to transitions associated with higher lying states in the wires. Based on the Here the first number'lndicates the vertical quantum number whereas the second number denotes the lateral quantum number.
The overall good agreement with the experimentally observed data confirms that these peaks corresponds to lateral bound states. In conclusion, we have fabricated high quality barrier modulated InGaAsIGaAs wires with lateral dimensions down to 20 nm. It is found that the emission of the el ,-hhl transition is unchanged for wire widths down to 50 nm. The significant increase of the emission' energy for smaller wires is determined by the lateral potential. PLE experiments show clearly up to three lateral subband transitions. The good agreement between the experimental data and the results of simple model calculations demonstrates that the electronic properties of the wires can be understood quantitatively on the basis of the measured physical dimensions of the structure. The strong linear polarization of the wire emission is most likely mainly due to grating effects.
We have investigated photoluminescence spectra for different linear polarization orientations. The wire emission shows a clear polarization parallel to the wire axis. Figure 3 shows the experimental data of the polarization degree of the emission from barrier modulated wires defined on In,.,Ga,,,,As.
Here, I n (Li) denotes the emission intensity parallel (perpendicular) to the wire axis.
The polarization degree increases
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